The effective porosity, saturated sonic velocity and saturated uniaxial compressive strength were determined on a large number of Borrowdale Volcanic Group volcaniclastic core samples from three boreholes at Sellafield, Cumbria. The worked formed part of the UK Nirex Limited site investigation into whether the Sellafield area could be suitable as a repository for intermediate and low level radioactive waste. Most of the intact samples were of low to very low effective porosity, had a high sonic velocity and were very strong to extremely strong. However, a proportion of values deviated significantly from this. Bivariate analysis showed a negative relationship exists between sonic velocity and effective porosity.
discontinuities caused for example by fractures, jointing and infilled mineral veins, it can be used as a part of the assessment of the rock mass such as Rock Quality Designation (RQD) (Glenn & Nelson, 1979 , McCann 1990 . McCann et al. (1981) introduced the concept of a simplified rock mass classification system based on the dynamic bulk modulus of the rock mass from sonic and shear velocity.
Differences are expected between rock property measurements made on core samples in the laboratory and those derived from wireline logging tools in a borehole. The effects of scale are important when comparing borehole and laboratory measurements, and relate to the volume and condition of the rock mass sampled during measurement. The laboratory samples are essentially point data from known depths. A number of tests may be carried out on the same core specimen under known conditions. The fabric of the test specimen can be described and any influences on the test results, such as mineral veins or alteration products.
However, the volume of laboratory samples are small and distance between tests much greater than in wireline logs which may have a sample size of 5 to 10 m 3 and sampling intervals of about 15 cm, providing a nearly continuous downhole profile under in situ conditions (Brereton et al., 1998) . Also, material for laboratory testing may be restricted due to drilling disturbance, and samples failing during preparation. This tends to bias the results in favour of stronger more competent material and against highly altered very weak to weak rock.
Improved assessments of the engineering performance of the Borrowdale Volcanic Group can be gained from a greater understanding of formation rock mass properties and also any relationship between individual properties of the intact rock matrix. To this end, data from the laboratory tests described in this paper have been analysed for a series of relationships between the parameters including effective porosity, sonic velocity, effective porosity and uniaxial compressive strength. The relationship between uniaxial compressive strength and sonic velocity was investigated by D'Andrea et al (1965) for various rock types from the United States of America and by McCann et al (1990) for a wide range of British rock types. McCann et al. (1990) found a good coefficient of regression (r 2 of 0.88, 150 data points) for a power model (y = ax b ). However, the individual points were well scattered, particularly at low porosity values. The variation in strength at low effective porosity and high sonic velocity may be due to differences in fabric and texture and, in some rocks, mineral veins will also affect the rock strength.
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The paper presents a number of bivariate plots and relationships for the laboratory effective porosity and sonic velocity, sonic velocity and uniaxial compressive strength and, effective porosity and uniaxial compressive strength. The effects of mineral veins and alteration products on the behaviour of the BVG are also considered.
GEOLOGY
The rocks of the Borrowdale Volcanic Group, in the three boreholes (Boreholes 2, 4, 5, see Figure 1 ), are dominated by a highly complex and variable sequence of pyroclastic flow deposits with minor thicknesses of volcaniclastic sedimentary rocks and intrusive andesite.
The formations and members encountered in each borehole are listed with depths (in maOD)
in Table 1 ( Ambrose et al., 1992a, b; Millward et al., 1992) . A summary of the geology is in Millward et al. (1994) and Michie (1996) . (Ambrose et al., 1992a) . 
TEST METHODS
Most of the samples selected were either typical of the formation or adjacent core and includes core from more altered rock. Damaged core and core that could not be prepared was not selected. Test samples were prepared from full diameter core lengths of 20 to 25 cm. The average sampling distance was about 10 m. Uniaxial compressive strength tests were carried out at an average of one test per 17 m.
Two right-cylinder specimens, nominally 38 mm in diameter and 76 mm long were prepared from each piece of selected core. This allowed two side-by-side specimens to be prepared parallel to the borehole axis from the original 95 mm diameter core. Density and porosity determinations were carried out on one sample and the other was used for a variety of tests 
Laboratory determinations
Effective porosity, uniaxial compressive strength and sonic velocity test methods were based on Anon. (1981) . The effective porosity is the volume of interconnected pore space to the bulk volume and is expressed as a percentage. It was determined using the vacuum saturation and buoyancy technique and is usually reported to 0.1%, however they are reported to 0.01%
here. This has little effect on the bivariate analysis. Sonic velocity and uniaxial compressive strength samples were vacuum saturated and surface dried with a damp cloth prior to testing.
The laboratory and wireline sonic velocity tests employ essentially the same basic principles in that an acoustic source transmits sonic wave impulses into the rock, which are monitored for their arrival time, after transit over a known distance through the rock. The laboratory measurements were made with a portable ultrasonic apparatus.
The strength classification used is from Anon. (1999). Two hundred and seventy seven effective porosity, one hundred and seventy seven uniaxial compressive strength and two hundred and sixty one sonic velocity test were successfully completed on core from the three boreholes.
Statistical analysis
The analysis of the data was carried out in two ways: by bivariate plotting, regression and correlation analysis and by use of percentiles and box and whisker plots. The regression lines were calculated using the least-squares technique and applied to the three relationships:
uniaxial compressive strength vs. effective porosity, uniaxial compressive strength vs. sonic velocity and sonic velocity vs. effective porosity. The former of each pair is considered here to be the dependant variable and the latter the independent variable. Four different regression models were used: linear, exponential, log 10 and power. The models that had the highest coefficients of regression for each relationship are presented here.
The box and whisker plots were used to compare the medians, upper and lower quartiles, 
RESULTS
The basic statistical data for the effective porosity, uniaxial compressive strength (U.C.S) and sonic velocity are summarised in The data shows that the Borrowdale Volcanic Group is typically low to very low porosity, very strong or extremely strong and of high sonic velocity; however, there are anomalous values for each parameter.
The cross plot of log effective stress and sonic velocity ( Figure 3) shows a general trend of increasing sonic velocity with decreasing effective porosity. However, there is little change in sonic velocity when the effective porosity is less than about 0.3%. This is probably due to the sonic wave moving along a shortest path through the rock without encountering any water filled pore. The regression coefficients (r 2 ) of the three relationships (Table 3) are all above 0.7 for 256 points. The highest r 2 value is for the Log 10 regression line, which is plotted on (1965) and McCann et al. (1990) . The plot suggests that the sonic velocity may be used to find a limiting maximum strength.
However, there is a wide scatter, particularly when the sonic velocity is greater than about 5.8
km/sec and here samples may be strong, very strong or extremely strong. The exponential relationship has the highest regression coefficient (r 2 = 0.53 for 142 points).
The plot of effective porosity and log 10 uniaxial compressive strength plot ( Figure 5 ) shows a trend of increasing uniaxial compressive strength with decreasing effective porosity but with increasing scatter. Samples with an effective porosity of about 1% are generally strong to very strong whereas those with an effective porosity of 0.3% may be strong, very strong or extremely strong. It also indicates a lower boundary and an upper boundary. This is probably
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DISCUSSION
The laboratory data presented here show that the effective porosity can be estimated for a measured sonic velocity. However, uniaxial compressive strength cannot be estimated with any confidence from these two parameters for the low effective porosities and high sonic velocities typical of these rocks. This has major implications for modelling in situ rock strength from downhole wireline geophysical data. Some understanding of this can be gained from observations of how the samples fail and how this relates to the properties of the intact The white mineral is predominantly carbonate, either calcite or dolomite but may be quartz in some instances. Class 1 includes samples with white veins along which failure did not occur.
Failure along the white veins generally occurs between the vein and the matrix, both of which may be intact. Most of the veins in the samples range from hairline to a millimetre or so in thickness. Failure along haematized veins, and sometimes through a haematized matrix, produces a fine red powder along the failure surfaces. Some of the samples in Class 6
comprise mainly unaltered rock, with narrow veins of altered rock containing haematized material, sometimes with calcite.
The basic statistics of the uniaxial compressive strength for each of the failure type classes are given in Table 4 and the box and whisker plot is presented in Figure 6 . The higher effective porosity and lower sonic velocity samples are usually associated with altered rock, particularly haematized material. However, samples in class 6 are of two types; lower effective porosity and higher sonic velocity samples that contain a fine, discrete, haematized vein within unaltered matrix, and higher porosity -lower sonic velocity samples that failed along haematized veins within haematized matrix.
Many of the faults and fractures present in the Borrowdale Volcanic Group are altered and haematized and many of the core breaks, a result of drilling disturbance are also haematized.
Hence, it is important to identify zones of altered, veined and, in particular, haematized zones and haematized veins and to understand their effect on the strength of intact rock specimens and the rock mass.
The findings of this study agree with those of the McCann et al. (1990) in that the use of geophysical properties of rock to predict mechanical properties can only be done in general terms to give an indication of the variation of the property. No attempt should be made to obtain precise values of uniaxial compressive strength from sonic velocity determinations, though rock types could be classified qualitatively.
This study included those samples that were successfully prepared. Of the samples selected from these three boreholes nineteen failed prior to sample preparation, sixteen failed during preparation and two failed during non-destructive testing. Most of these samples were from altered rocks and some from fault zones. These samples were weak and likely to have had higher effective porosity and lower sonic velocity or contain a haematized vein. Hence, as with many laboratory studies of rock, there is a bias towards stronger rocks, as these are the samples that are successfully cored, prepared and tested.
CONCLUSIONS
The laboratory measurement of two hundred and seventy seven effective porosity, two hundred and sixty one saturated sonic velocity and one hundred and sixty one saturated uniaxial compressive strength on intact specimens from the Borrowdale Volcanic Group of Sellafield Boreholes 2, 4 and 5 showed that a majority had low to very low effective porosity, high sonic velocity and were 'very strong' to 'extremely strong'. However, a proportion of the values were of higher effective porosity, lower sonic velocity and lower strength.
Bivariate analysis showed that the sonic velocity increased with decreasing effective porosity when the effective porosity was greater than about 0.3%. Below 0.3% the sonic velocity was fairly constant (about 6.1 to 6.3 km/s). The analysis of sonic velocity and uniaxial compressive strength showed a wide range of uniaxial compressive strength at higher sonic velocities. Uniaxial compressive strength varies considerably at low effective porosities (less than about 2%). Variation of the uniaxial compressive strength at high sonic velocities and low effective porosities was probably due to structural differences between samples. The failure type of each uniaxial compressive strength test specimen was classified based on the material that failed. The strongest rocks tended to fail through the rock matrix, and the weakest rocks tended to fail through haematized material or along haematized veins.
Effective porosity and sonic velocity could not distinguish between those samples that failed through the matrix and those that failed along discrete narrow veins. The presence of narrow haematized veins has a major effect on the intact rock strength. 
